"…there is no more positive guide to the past occupation of any area by a particular species [than the discovery of fossils]. Nevertheless, we may garner a great deal of information from… genecological studies of well-chosen species…"
.
O
ver the past few decades, Quaternary paleoecological studies have provided an impressive global database of pollen and macrofossils. Not only are these fossil records essential for detecting past species distributions (Baker 1959 ), but they have also played a key role in testing ecological theories and evaluating model predictions of climatic and biotic changes, from the past and into the future. For example, fossil data have provided some of the most compelling evidence supporting Gleason's notion that species behave individualistically in community assemblages (Davis 1976; Webb 1987) . Such data offer the only way to infer rates of plant migration in response to past climate change, thereby providing the information necessary for evaluating the accuracy of ecological models of future species range shifts. Fossil records also contribute to our understanding of large-scale patterns of biodiversity in the modern landscape and validate model projections of diversity changes (Botkin et al. 2007) .
Despite these important contributions, the paleoecological approach has a number of limitations that hamper our understanding of past vegetational dynamics relevant to projecting future changes. For example, knowing the locations of refuge populations and specific colonization routes is necessary for deriving reliable estimates of migration rates in response to climate change. However, detection of glacial refuges and spatial patterns of species range shifts is often compromised by the ambiguity of pollen evidence for small local populations. Although macrofossil remains provide the most concrete evidence, the spatial coverage of macrofossil finds in many areas is too sparse and uneven to detect the local presence of plants. Because of these limitations, many long-standing paleoecological questions cannot be addressed without new perspectives and approaches.
Genetic surveys of current populations add to this perspective. Genetics and paleoecology are complementary (Betancourt et al. 1991; Cruzan and Templeton 2000; Jackson et al. 2005) , because past demographic events often leave long-lasting genetic imprints on extant populations. Following a few isolated attempts (Baker 1959; Critchfield 1984; Cwynar and MacDonald 1987) , incorporation of historic information from fossil records into population genetics has become a major avenue of research (Hewitt 1993 (Hewitt , 2000 . Genetic data compensate for some of the shortcomings of the paleoecological approach. I In n a a n nu ut ts sh he el ll l: :
• Knowledge of past vegetational dynamics is important for projecting biotic responses to future climate change • Genetic analysis complements the fossil record when uncovering ice-age tree refuges and details of past tree migration • Recent results from both genetic and paleoecological analyses suggest that the capacity of trees to track climate change may be more limited than previously thought • Together with fossil data, the genetic footprints of past vegetational changes can help in the selection of conservation priorities and the development of management policies Shepherd et al. 2007) . However, studies that truly integrate genetics and paleoecology are rare. This paper highlights some of the recent developments in this field, rather than providing a comprehensive review of all the relevant literature. We focus on tree taxa with extensive fossil records that can be compared with marker-based genetic surveys (for a discussion focusing on adaptive traits, see Davis et al. 2005) . We first briefly explain how ice-age refugial populations and their postglacial recolonization left such durable genetic imprints on modern-day tree populations. We then review case studies that provide genetic insights into the locations of glacial refugia and the spatial patterns of postglacial recolonization. We discuss the consequences of past population dynamics on the genetic structure (eg variation in allelic frequency and genetic diversity) of extant trees, as well as the implications for conservation. Finally, we outline some research prospects at the interface between paleoecology and genetics.
Genetic imprints of past vegetational change on current populations
Climatic fluctuations occurred at various timescales throughout geologic history, including the Quaternary Period (the past 2 million years). These fluctuations include glacial-interglacial cycles driven by changes in the Earth's orbital parameters. In response to these fluctuations, many organisms have undergone dramatic changes in abundance and range (Figure 1) . During glacial episodes, temperate and boreal tree species were primarily restricted to areas far south of the continental ice sheets, although small populations of some species apparently also survived in periglacial (the outer perimeter of a glacier) environments and in high-latitude areas that were free of glaciers (Willis and van Andel 2004; Brubaker et al. 2005) . At the end of each glacial episode, refuge populations responded to climatic amelioration and expanded their distributions to form interglacial plant communities, including those we see on the landscape today.
A large body of evidence indicates that the genetic structures of current plant populations reflect vegetational dynamics since at least the last glacial maximum (LGM; about 20 000 years before present, or 20 ka BP), including the locations of glacial refugia, postglacial colonization, and associated demographic processes (Hewitt 2000) . This is especially true of maternally inherited markers that are locally dispersed through seeds. These markers are therefore much more strongly structured geographically than are paternally or biparentally inherited markers (Figure 2 ), which can disperse more widely through pollen. It is not immediately obvious why ancient colonization events should have left such durable genetic imprints. One classical argument is that the long generation time of many tree species implies that not many generations have elapsed (and hence, that there has been less opportunity for genetic drift) since initial postglacial colonization. However, some short-lived plants also exhibit clear genetic patterns across their ranges (Abbott et al. 2000) . More importantly, the large size of many plant populations limits genetic drift and severely dilutes gene flow, thereby "fossilizing" the genetic structure established at the time of colonization. Simulations of tree migrations during postglacial colonization strongly support this "fossilizing" hypothesis ( Figure 3 ).
Recent studies (Klopfstein et al. 2006; Currat et al. in press) help to clarify how events at the time of an invasion can have such a disproportionate and long-lasting impact on the genetic structure of an organism. There appears to be a demographic "carry-over" of genes from the early pioneers of a population, because they are transmitted to so many descendants at a time, when population sizes are still small but are growing exponentially. By contrast, once the tree population has reached a highdensity level, each individual typically leaves only a limited number of descendants, representing only a small proportion of the total population. Invasions under such conditions therefore have a considerably lower impact on Humans may have altered the natural genetic structure by transplanting or transporting seed across regions, thereby complicating genetic inferences of past natural events. However, in areas where such human activities are likely to have occurred, forest stands resulting from introduced material are often clear outliers in the spatial pattern of genetic variation (Petit et al. 2003) . In most cases, the native genetic structure can still be recognized (König et al. 2002; Shen et al. 2005) .
Glacial refugia in mid to high latitudes and range shifts at the population level
Elucidating the whereabouts of temperate and boreal tree species during the cold stages of the Quaternary has been a central motivation of paleoecological and biogeographic investigation since the late 19th century (Reid 1899) . Refugial tree populations that have persisted through multiple glacial cycles tend to have highly divergent gene pools (Jansson and Dynesius 2002). They are therefore potential priorities for the conservation of diversity and evolutionary heritage. In addition, knowing the locations of glacial refuge populations and subsequent migration pathways is a prerequisite for estimating rates of postglacial spread as a result of climatic amelioration.
Geographic surveys of organelle and nuclear DNA in extant tree populations offer evidence to evaluate previous hypotheses about the locations of glacial refugia based on fossil evidence. Fossil evidence of refugia may be ambiguous because of uncertainties associated with inferring local tree populations from trace amounts of pollen (Jackson et al. 2000) . Early researchers assumed that, during the LGM, most tree taxa existed only in areas far south of continental ice sheets, such as the southern peninsulas of Europe and southeastern regions of North America. This assumption was commonly accepted for several decades, but recent fossil and genetic studies challenged its generality. These studies provided evidence for the existence of glacial refugia at middle to high latitudes for several currently widespread tree species (Bhagwat and Willis 2008). For example, by explicitly comparing enzymatic proteins and chloroplast DNA (cpDNA) data with mapped pollen and macrofossil records for Fagus sylvatica (common beech) in Europe, Magri et al. (2006) documented refuge populations in the eastern Alps, Slovenia, and Istria (the largest peninsula in the Adriatic Sea), all located at latitudes higher than 43˚N (Figure 4 ). During the early Holocene, tree populations spread vigorously toward the west and northwest from these northern refugia, colonizing much of the species' present range in Europe. In contrast, populations located farther south, for example in the Balkans, experienced only limited spread and contributed little to the species' genetic makeup throughout the areas of postglacial colonization.
Similarly, genetic surveys in other regions support the notion that, during the last glacial episode, some tree species maintained populations at much higher latitudes than previously thought. Using cpDNA data from Picea glauca (white spruce) in northwestern North America, Anderson et al. (2006) identified several Alaskan populations with unique haplotypes and relatively high allelic diversity ( Figure 5 ). These results suggest the existence of small refuge populations surviving through the LGM in Alaska; this is consistent with a recent synthesis of fossil-pollen data (Brubaker et al. 2005) . In New Zealand, paleoecologists have hypothesized that thermophilous forest species survived the LGM within tens of kilometers of ice-sheet margins (McGlone 1985) . Shepherd et al. (2007) provided supportive evidence for this scenario from cpDNA analysis of Asplenium hookerianum, a widespread fern associated with forests.
Understanding the patterns and processes of range shifts has been a major undertaking of paleoecological studies. Fossil data are indispensable for elucidating past vegetational dynamics, from stand-level invasions to biome shifts (Williams et al. 2001) . However, pollen and macrofossil data do not offer any information about vegetational dynamics below the level of species and, often, that of genus or family. Genetic data can be used to identify source populations for colonization and track lineage movements across space, thereby improving our knowledge about postglacial migration pathways and dispersal patterns of trees. In Japan, mitochondrial haplotypes of Picea jezoensis (a widespread spruce in the coldtemperate and boreal forests of Asia) reveal that populations on Honshu Island, had probably come from the Asian continent via the Korean peninsula, whereas on Hokkaido Island the species probably spread from the Asian continent via Sakhalin through land bridges that existed during the Quaternary glacial periods (Aizawa et al. 2007) .
In most of these large-scale studies, the identified colonization routes often involved a great deal of uncertainty due to coarse sample resolution. One exception is the study of oaks in the Swiss Alps by Matyas and Sperisen (2001) . A dense network of cpDNA data showed clearly that a lineage of oaks crossed high passes in the Swiss Alps during its postglacial northward expansion. It appeared that mountains have not constituted a barrier to migration, a surprising finding that was subsequently confirmed by Magri et al. (2006) , who showed that mountain ranges actually facilitated postglacial expansions of F sylvatica in Europe. When samples are obtained at fine spatial resolutions, genetic data can uncover demographic processes and the mechanisms of range expansions, as illustrated by Petit et al. (1997) . These authors analyzed cpDNA of Quercus robur (pedunculate oak) and Quercus petraea (sessile oak) at 188 locations over a 200-km by 300-km area in western France.
Over a scale of several hundred square kilometers, the spatial distribution of the cpDNA polymorphisms was strikingly patchy, with an entire forest typically characterized by a single haplotype. These patches probably reflect founder flushes (rapid growth of newly established tree populations) after long-distance dispersal events during postglacial recolonization, as shown by computer simulations involving different proportions of long-and shortdistance dispersal (Bialozyt et al. 2006) .
Knowledge of population histories inferred from genetic surveys is essential for understanding past tree migration in response to climate change. The finding that trees survived close to ice sheets or in ice-free areas north of ice sheets during the last glaciation period indicates that previous estimates of postglacial tree-migration rates were probably too high, implying a more limited capacity of trees to track future climatic warming than previously thought (McLachlan et al. 2005) . Expansion from local refugia followed by subsequent population admixture, as opposed to wave-like migrating fronts, may have been characteristic of postglacial forest development.
Genetic footprints of past vegetational dynamics: implications for conservation
Past climate-driven population dynamics played a deterministic role in the current range-wide patterns of genetic diversity seen in many species. The overall pattern of "southern richness versus northern purity" observed in the northern hemisphere (Hewitt 2000) -in other words the poleward decrease of population genetic diversity observed in many organisms -is thought to have resulted from postglacial range expansions. At the low-latitude edges of species' ranges, the magnitude of past climate changes was relatively small, and trees may track climate through altitudinal shifts (Bennett 1991) . Thus, the genetic diversity of "rear-edge" populations could persist through Quaternary climatic oscillations. In contrast, the leading edge of a poleward migrating species must have been repeatedly subjected to founder events, resulting in a successive loss of allelic richness along the colonization pathway. The latitudinal decrease in diversity applies to many species, especially those that experienced poleward migrations after the end of the last glaciation (Eckert et al. 2008) . This pattern has implications for future changes. For example, widespread warming and drying are projected to occur in many lowerlatitude regions (Meehl et al. 2007) , posing threats to the major reservoirs of genetic diversity in those regions through habitat loss, fragmentation, and population isolation. Latitudinal patterns of genetic diversity and divergence should be taken into consideration in the current debate over the possible advantages of assisted migration in response to climate change (Hunter 2007) .
The spatial patterns of genetic diversity, however, can be much more complex than the "southern richness versus northern purity" argument (Hewitt 2004; Eckert et al. 2008) . The long-term stability and isolation of rear-edge tree populations have often resulted in high levels of divergence from nearby populations, but low levels of intra-population genetic diversity (reviewed in Hampe and Petit 2005) . In addition, some tree taxa, such as P glauca and Pinus banksiana (jack pine) in North America, went regionally extinct in the areas of their main glacial refugia during postglacial range shifts (Jackson et al. 1997) . Massive diversity losses must have occurred at the trailing edges; today, therefore, their southern populations may not have a greater diversity than that of northern populations. At higher latitudes, postglacial range expansions often occurred in various directions, and lineages departing from different refugia may have converged and mixed extensively (Petit et al. 2003) . This "melting pot" effect explains higher intra-population genetic diversity in central Europe than that in areas farther south for several woody species.
Computer simulations confirm that a dramatic loss of diversity at the leading edge can occur when the migrating corridor is narrow and the first-established alleles preempt all available space -a process called the "embolism" effect. Diversity loss is much less pronounced when the corridor is wide and genotypes are being "reshuffled" behind the migration front, through long-distance dispersal events (Bialozyt et al. 2006 ). These examples demonstrate that genetic diversity does not always provide an unequivocal guide for identifying very old populations to help select conservation targets (Lesica and Allendorf 1995) . In addition, the connections between neutral diversity and quantitative trait variation are weak at best (Reed and Frankham 2001) . A causal relationship between genetic variability, as measured by marker loci, and adaptability cannot be taken for granted (Lehman 1998) . However, the genetic approach has played an important role in supporting conservation efforts, particularly by verifying the native status of species. Although a species can be classified as either native or exotic by the use of fossil data to assess its evolutionary origin, the fossil record relevant to evolutionary time scales is unavailable or tends to be discontinuous for most tree species. For instance, the locations of indigenous populations of Ginkgo biloba, a "living fossil" endemic to China and with considerable conservation value, have long been disputed, because of its discontinuous fossil record and because the species has been widely planted for ornamental and medicinal purposes. A recent cpDNA survey showed that Ginkgo populations with high allelic diversity and unique haplotypes exist in southwestern China, probably derived from glacial refuges southeast of the Tibetan Plateau and south toward the Qing Mountains (Shen et al. 2005) . The historical record of human colonization in the region supports this scenario. Over 918 ancient Ginkgo trees exist in this area, with the oldest tree dated back to > 1000 years, whereas the nearest village was established only about 500 years ago.
Conclusions and research prospects
Paleoecology and genetics can be used synergistically for investigating population histories. The fusion of paleoecology and genetics has reached a new milestone, as indicated by recent syntheses of large fossil and genetic datasets (eg Magri et al. 2006) . The two disciplines are now well positioned to benefit from true cross-disciplinary collaborations . As illustrated in the case studies discussed above, genetic research has some distinct advantages. In particular, data from genetic surveys can be spatially precise, and molecular markers can identify genetic lineages at temporal scales spanning from a single generation up to thousands of generations. These features allow the detection of population origins and are therefore well suited for testing paleoecological scenarios involving glacial refugia and postglacial range expansions.
In turn, paleoecology provides an essential framework for formulating hypotheses about historic processes that gave rise to extant genetic structures and for interpreting broad spatial patterns in genetic data. The importance of paleo- data for interpreting population genetic structure has been recognized for several decades. However, information on past climate and ecology still needs to be properly and adequately incorporated into genetic investigations. For example, evidence is rapidly accumulating to show that current genetic patterns in many regions reflect events much older than the last ice age, up to the Tertiary (Dick et al. 2003; Magri et al. 2007) . Geneticists therefore need to consider paleoclimate records at corresponding time scales and move beyond the last glaciation. At the other end of the time spectrum, few studies have integrated detailed Holocene fossil records of climatic and vegetational changes with genetic surveys of extant populations at fine spatial scales. The importance of such considerations is demonstrated by Betancourt et al. (1991) , who concluded that, without Holocene pollen and macrofossil data, genetic diversity patterns might have led to misinterpretations regarding the origin of an isolated population of pinyon pine (Pinus edulis) in Colorado. Genetic surveys add a new dimension to paleoecology that will undoubtedly play an increasingly important role in understanding past vegetational dynamics. Technical and conceptual developments in genetics will continue to propel paleoecology forward. To date, most genetic studies with a paleoecological context have relied on material from extant populations. Despite the demonstrated efficacy of this approach, DNA analysis of fossil samples may be the most direct means to unravel the history of plant populations. It addresses diachronical processes (processes occurring through time) by considering more than just one point in time at a given location, as illustrated by variations in the genetic structure of tree species since the LGM (Tani et al. 2003; Pafetti et al. 2007) . Although analysis of ancient plant DNA remains a major technical challenge, progress is being made at an accelerated pace (Willerslev et al. 2007) . Genetic analysis also promises to solve some of the problems associated with paleoecological studies. For example, when hybridizing species meet during range expansion, the latecomer is more likely to be infiltrated by the genes of the local species that arrived earlier (Currat et al. 2008) . Thus, analysis of neutral DNA markers in modern-day populations can tease apart the colonizing sequence (which species arrived first) of hybridizing species that have overlapping ranges and that cannot be easily identified to the species level by means of palynological techniques. For example, this approach could be used to elucidate the postglacial migration histories of P glauca and Picea sitchensis (Sitka spruce) in northwestern North America and of Picea mariana (black spruce) and Picea rubens (red spruce) in northeastern North America.
A major hindrance in the use of genetic analysis to infer refuge locations and past population dynamics is that many tree species have low cpDNA and mtDNA mutation rates, thereby providing limited polymorphism for studying the impact of past changes. Despite the reduced genetic structure as a result of greater gene flow, nuclear DNA markers can be extremely useful for inferring species evolutionary history, because many independent loci can be investigated and powerful multilocus information on genetic structure can be acquired (see Figure 4 for an example). More surprisingly, recent studies have also offered insights about tree population histories through genetic analyses of the rapidly evolving mtDNA of animal species that inhabit forests (eg bark beetles in the North American spruce forests [Maroja et al. 2007] , the bank vole of European woodlands [Kotlík et al. 2006] , or a snail endemic to Australian rainforests [Hugall et al. 2002] ). Because of their short generation times, these associated organisms can act as a "magnifying glass", helping us to understand the history of their slowly evolving host trees. An additional advantage associated with the greater level of polymorphisms is that the results can be analyzed with sophisticated statistical techniques, such as coalescent modeling. These quantitative analyses yield key paleo-population information, such as the timing of divergence, estimates of refuge population sizes, and the likelihood of ancient separation versus recent dispersal. However, an important caveat for the use of this approach is that species that are co-distributed today may not have been co-distributed in the past. More reliable "magnifying glasses" are phylogeographic surveys of some specialist species, such as certain pests or pathogens of trees (Nieberding and Olivieri 2007) .
As paleoecologists endeavor to incorporate genetic insights into population histories, it is particularly important to recognize that stochastic variance is inherent in genetic processes. Genetic results can produce misleading inferences regarding refugia due to various factors, such as segregation of ancestral polymorphism and past hybridiza- tion events. Species may have idiosyncratic population histories because of differences in habitat requirements, colonization abilities, and chance events. Furthermore, congruent spatial patterns in the genetic structures of different species may derive from incongruent ancestral distributions (Carstens and Richards 2007) . When applied to data from genetic surveys of multiple species within an ecosystem, statistical approaches can accommodate these problems by evaluating alternative hypotheses of population histories, as illustrated by several recent studies (Hugall et al. 2002; Carstens and Richards 2007) . These authors have identified the locations of glacial refuge populations on the basis of paleoclimate simulations and climate-species relationships.
The modeled "paleodistributions" were used to simulate null distributions of genetic variance, which were then statistically compared with empirical genealogical data. This hypothesis-testing approach complements inferences from visual inspections and conventional statistical analyses of population-genetic data. The usefulness of this approach should improve as paleoclimate data with adequate spatial resolutions become available, leading to more realistic paleodistribution simulations. By providing spatially explicit data that help to detect refuge locations and reconstruct migration patterns, genetic surveys complement and enhance insights from the paleoecological record, helping us to understand how species respond to climate change. Furthermore, integrative genetic and paleoecological studies help in the evaluation of targets for conservation. Merging genetic surveys with data on past and future species distributions has potential to play a key role in conservation studies (Botkin et al. 2006) . For instance, the realism of bioclimate models for predicting future species distributions can be tested with paleo-records, and the predicted ranges can then be compared with refined genetic surveys of modernday populations. Such comparisons allow us to anticipate the potential loss of evolutionary heritage in widespread species as a consequence of climate change ( Figure 6 ) and to develop effective countermeasures.
F Fi ig gu ur re e 6 6. . Projected beech range under a doubled-CO 2 climate scenario (gray shading; after Sykes et al. 1996) in relation to the extant genetic structure. Colored circles represent different allozyme groups (see Figure 2b , modified from Magri et al. 2006) 
